INTRODUCTION
(CD105), Thy-1 (CD90), and VCAM-1 (CD106) (2, 5, 16, 23) . MSCs are found in the microenvironment of the bone marrow and interact with hematopoietic stem cells Graft failure and graft-versus-host-disease (GvHD) remain significant complications of allogeneic stem cell (HSCs) by cell contact. They also promote proliferation, differentiation, and engraftment of mainly hematopoietic transplantations. To reduce the risk of GvHD, patients often receive a graft that has been depleted of T cells, cells by secreting growth factors, cytokines, and other regulatory molecules (9, 23, [25] [26] [27] . Typically, MSCs are which might in turn increase the risk of graft failure (1, 4) . Studies have suggested that cotransplantation of obtained from the bone marrow or cord blood, but can also be harvested from other mesenchymal tissues, such ex vivo expanded mesenchymal stem cells (MSCs) with allogeneic hematopoietic stem cells (HSCs) reduces the as adipose tissue (5,6). In vitro MSCs proliferate over extended periods of time but retain their ability to differ-risk of GvHD and graft rejection (10, 17, 19) . Additionally, it has been shown that infusion of expanded MSCs entiate along multiple lineages (13, 16, 30) .
Recently it has been shown that MSCs suppress T-improves ongoing acute GvHD (21) .
MSCs are adherent cells that are able to differentiate lymphocyte proliferation induced by mitogens or allogeneic cells (3, 6, 9, 18, 23, 25, 34) . This effect was reported into multiple lineages, such as adipocytes, osteoblasts, myocytes, and chondrocytes (13, 16, 30) . Phenotypically, to be mediated by soluble factors secreted by the mesenchymal cells and shown to be independent of the source they are characterized by the absence of typical hematopoietic markers, such as CD34 and CD45, while they are of donor cells (9, 23, 25) . MSCs express the major histocompatibility complex (MHC) (22) and should induce positive for integrin β chain (CD29), CD44, endoglin an immune reaction when transplanted into an alloge-Differentiation Assays neic host. Surprisingly, MSCs from MHC-mismatched Cells were harvested after 2-3 weeks of incubation donors and even xenografts do not activate alloreactive by trypsinization and plated out in sixwell plates. When T cells and are therefore tolerated by the host (3,9, 95% confluent, osteogenic differentiation was induced 23, 25) .
by culturing the cells in MSC medium, supplemented Clinically the immunosuppressive properties of with 10 mM β-glycerophosphate (MP-Biomedical, Ir-MSCs can be used to enhance engraftment and to reduce vine, CA, USA), 50 µg/ml ascorbic acid, and 10 −8 M the incidence of GvHD after allogeneic stem cell transdexamethasone. Medium was changed every 3 days for plantation. While several groups have shown that MSCs up to 4 weeks. To reveal calcium deposition, cells were from bone marrow, cord blood, and fetal liver are capawashed with water and stained for 5 min with 2% Alizable of suppressing T-cell activation (3, 12, 17, 23, 25, 29) , rin Red (Sigma-Aldrich, St. Louis, MO, USA), pH 4.1. we extended these studies to MSCs obtained from other Excess stain was removed by several washes with water. tissues to determine whether these may enhance the in-For adipogenic differentiation, cells were trypsinized hibition of T-cell activation. We were particularly interwhen confluent and plated out at a 1:9 dilution in a sixested in MSCs from adipose tissue because fat is readily well plate. After 24 h, differentiation was induced by accessible and could easily be used for repeated haraddition of medium, supplemented with 5 µg/ml human vests, but we also included other mesenchymal origins.
insulin, and 10 −9 M dexamethasone. Medium was In this study, we investigated and compared the immuchanged every 3 days for up to 4 weeks. To observe oil nosuppressive potential of MSCs derived from multiple droplets in differentiated adipocytes, cell cultures were mesenchymal tissues of different origins, such as adifixed for 1 h in 4% paraformaldehyde in phosphate-bufpose tissue, muscle tissue, omentum, and bone on mitofered saline (PBS) at room temperature and stained for gen-induced and allogeneic T-cell activation.
15 min with Oil Red O (saturated solution in 60% 2propanol; Sigma-Aldrich) (33). Excess stain was washed MATERIALS AND METHODS off with PBS. A murine fibroblast cell line (NIH 3T3) was used as a negative control for differentiation. Animals ondary antibody [goat F(ab′)2 anti-rat IgG] or PE-conjugated primary antibodies (CD3, CD4, CD8, CD11b, MSC Cultures CD14, CD34, CD45) at 4°C. Samples were washed and Murine MSCs were obtained from multiple tissues. resuspended in FACS buffer. All antibodies were ob-Mice (12-20 weeks old) were sacrificed, and omentum, tained from BD Biosciences (Pharmingen, San Diego, muscle (quadriceps), adipose tissue (hip region), and CA, USA). whole femurs were harvested. Tissues were minced and Cells were analyzed on a Fluorescence Activated Cell incubated on a shaker in 0.2% collagenase (Type II, Sorter (FACS) for PE staining. A minimum of 10,000 Worthington-Biochem, Lakewood, NJ, USA) at 37°C. cells was analyzed and dead cells were distinguished by Samples were put through a cell strainer, hemolyzed, propidium iodide exclusion. and plated out in MSC medium [IMDM, 20% heat-inac-T-Cell Proliferation Assay tivated fetal bovine serum (FBS), 100 U/ml penicillin/ streptomycin, 50 µM 2-mercaptoethanol] (33) on TC-After 2-3 weeks of culture, murine MSCs from 129/ svj mice were trypsinized, washed, and resuspended in treated culture dishes. Cultures were maintained at 37°C in a humidified atmosphere containing 5% CO 2 . After T-cell medium (RPMI, 10% FBS, 100 U/ml penicillin/ streptomycin, 2 mM L-glutamine, 20 mM HEPES). To 72 h, all nonadherent cells were washed off. Adherent cells were passaged by trypsinization (0.05% trypsin, inhibit MSC proliferation, 50 µg/ml mitomycin C (MMC, Calbiochem, USA) was added, and cells were 0.53 mM EDTA-4Na) into larger flasks when about 95% confluency was reached. Morphologic analyses of incubated for 45 min at 37°C. This was followed by five extensive washes with medium and counting of the cells. MSCs were obtained by using an inverted microscope (Zeiss, Thornwood, NY, USA). Cultures were passaged Cells (2 × 10 4 ) were plated into each well of a roundbottom TC-treated 96-well plate (Falcon, USA), and for four to five times over 2-3 weeks before plating them for subsequent experiments.
adherence incubated for 3 h. Mouse lymph nodes were harvested from BALB/c mice (10-15 weeks old), bro-were spindle shaped in the first 1-2 weeks of culture, while omentum-derived cells showed a large and flat ken up to obtain single cells and suspended in T-cell medium; 1 × 10 5 cells per well were added to the MSCs morphology throughout their culture. In comparison, MSC cultures generated from bone and muscle were as responder cells (RC). Concanavalin A (ConA, Calbiochem, USA) was added at a concentration of 5 µg/ml smaller and rounder than their counterparts from the other tissues ( Fig. 1A) . These experiments were repeated for induction of T-cell proliferation. MSCs, RCs, ConA, and controls were plated in triplicates in a total volume with tissues from C57BL/6 mice with similar results in yield and morphology (data not shown). For all future of 150 µl/well and incubated for 3-4 days before addition of 1 µCu/well [ 3 H]thymidine. Twenty-four hours studies we used 129/svj mice as the MSC source. The phenotype of these cells was analyzed by flow later, cells were harvested and [ 3 H]thymidine uptake was quantified in microplates containing a scintillation cock-cytometry ( Fig. 1B ). After 2-3 weeks of incubation under culture conditions as described above, the cells tail (MicroScint-20, Perkin Elmer, Wellesley, MA, USA) using a scintillation and luminescence counter stained positive for commonly used mesenchymal markers such as CD29, CD44, CD90, CD105, and CD106, (Packard, TopCount Microplate Scintillation Counter, Perkin Elmer). A total of three experiments were done, and negative for all typical hematopoietic cell markers, such as CD3, CD14, CD34, and, in particular, CD45. Only using different animals each time as donors.
cells derived from the omentum included some CD14 + Mixed Lymphocyte Reaction Assay (MLR) cells (8%) and muscle CD34 + cells (15%) (Fig. 1B ).
In the allogeneic MLR, mouse lymph node cells from
To further confirm that these cultures were highly 129/svj mice (10-15 weeks old) were used as stimulator positive for MSCs, cells were incubated in differentiacells (SC). Cells were harvested, washed, hemolyzed, tion medium to induce osteoblast or adipocyte differentiand counted. To inhibit proliferation of lymph node ation. Adipocyte differentiation was shown by accumucells, MSCs from different tissues of 129/svj mice were lation of oil droplets in the cell and staining of these incubated with MMC as described above. MSCs were with Oil Red O. In all samples, lipid vacuoles developed plated out at a density of 2 × 10 4 cells/well and 1 × 10 5 and increased in size over time (data not shown). When cells/well BALB/c (10-15 weeks old) responder cells, incubated in osteoblast differentiation medium, the cells and 1 × 10 5 cells/well 129/svj stimulator cells were from all sources (fat, omentum, bone, and muscle) added to a total volume of 150 µl. [ 3 H]Thymidine was stained positive with Alizarin Red for deposited calcium added after 9 days of incubation and cells were har-( Fig. 2) . In both differentiation assays, the negative convested 24 h later. [ 3 H]Thymidine uptake was quantified trol fibroblast cell line did not stain positive. Thus, cell in microplates containing a scintillation cocktail (Micro cultures from fat, omentum, bone, and muscle tissue Scint-20, Perkin Elmer) using a scintillation and lumiwere able to differentiate into adipocytes and osteoblasts nescence counter (Packard, TopCount Microplate Scin-( Fig. 2 ). tillation Counter, Perkin Elmer). A total of three experi-Mitogen-Induced T-Cell Proliferation Is Inhibited ments were done, using different animals each time as by MSCs donors.
To investigate if the MSCs affect the proliferation of RESULTS lymphocytes in vitro, T cells were obtained by harvest-
Murine MSC Cultures From Different Tissues Show ing cells from various lymph nodes (LN) of female Similar Phenotype but Different Morphology
BALB/c mice. These samples contained approximately 75% lymphocytes, which consisted of 55% CD4 + and Murine MSCs were obtained from male 129/svj mice by culturing single-cell suspensions of adherent growing 20% CD8 + cells (data not shown). Lymphocytes were stimulated by incubation with 5 µg/ml ConA for 3-4 cells from fat tissue, omentum, muscle tissue, and bone as described in Materials and Methods. Initially, primary days. When incubated on a layer of MSCs from murine tissues, T-cell proliferation was significantly decreased cells from tissues were sorted for nonhematopoietic cells (CD11b − , CD34 − , CD45 − ); however, these cells did not (p ≤ 0.05) compared to stimulated lymphocytes alone (Fig. 3) . Differences between tissues were not signifi-grow in culture and we enriched for MSCs by plastic adherence instead. While cells derived from fat and cant; however, the highest inhibition of T-cell proliferation of 85-92% was seen when incubated with muscle omentum proliferated rapidly from harvest date on, bone and muscle cells displayed slower growth in the first MSCs. Fat-derived MSCs suppressed T-cell proliferation 75-85%, omentum-derived MSCs suppressed it 69% on week of culture but showed a similar growth rate to fat and omentum after 2 weeks. The morphology of the ad-day 3 to 87% on day 4, and bone suppressed it 79-84% (Fig. 3) . The results were independent of the passage num-herent cells varied among cultures from different sources (Fig. 1A) . Cells obtained from adipose tissue ber of MSCs. These data demonstrate that fat-and muscle- MSCs only suppressed 63% of T-cell activation (Fig. 4) .
Our results show that the MSCs from all tissues, inde-conditions were established by using different responderto-stimulator cell ratios and by analyzing MLRs after pendent of passage number, suppress T-cell activation significantly, and that fat was at least as potent and effi-multiple days of incubation. All experiments showed similar findings, if not as pronounced (data not shown).
cient as bone-derived MSCs and thus an alternative source for future studies. While the maximum mitogen-induced stimulation of T 
DISCUSSION
ested in adipose tissue as an alternative source to bone marrow, because it yields high amounts of mesenchymal cells displaying immunosuppression of T-cell prolifera-In this study we cultured MSCs from mesenchymal tissues of different origins, such as muscle, omentum, tion at least as efficiently as bone-derived MSCs. By definition MSCs are primitive cells that are pres-and fat tissue, and demonstrated the potential of these MSCs to suppress not only mitogen-induced but also ent in the body and have the capacity to self-renew and differentiate along multiple lineages. Because MSCs do allogeneic T-cell activation. We were particularly inter- not express a unique antigen to distinguish them from cells, the immunosuppression by the MSC cultures was comparable (85-90%), and only muscle-derived MSCs other cells, and cultures depleted of all hematopoietic cells did not grow in culture, we used their plastic adher-showed a reduced inhibition potential of only 65% with a high variability, which might be caused by the higher ence to enrich for MSCs. After 2-3 weeks of culture, the cells were positive for commonly used mesenchymal percentage of CD34 + cells in the MSC cultures. In this study we did not analyze the effects of MSCs on specific markers (CD29, CD44, CD90, CD105, CD106) with no (CD3, CD45) or only little (CD14, CD34) contamination T-cell subpopulations; however, studies with human cells suggest that CD4 + as well as CD8 + T cells are af-with hematopoietic cells. A functional analysis of the differentiation potential of MSC-containing cell cultures fected by the MSC-mediated suppression of T-cell activation (8, 20) . Multiple studies have shown efficient was performed by incubation in osteogenic and adipogenic medium, and thus proved that these cultures in-immunosuppression of T cells when incubated with irradiated MSCs (7,22,23,34). While irradiation treatment deed contained a substantial amount of MSCs as they were able to differentiate into osteoblasts and adipocytes inhibits proliferation of the mesenchymal cells, it might also stimulate the secretion of growth factors or other (11, 15, 30) . Although all of these cultures were similar in antibody staining and differentiation potential, the soluble molecules in these cells, which may affect MSCs and their effect on hematopoietic cells (31) . In a clinical morphologic appearance of the cells originating from various tissues indicated differences among the cultures.
setting, MSCs would not be irradiated, and thus we chose to incubate our MSCs with the alkylating agent Our approach to use other tissues such as fat, muscle, and omentum in comparison to the commonly used mitomycin C (MMC) (9,24), followed by extensive washes to inhibit proliferation of the MSCs in vitro. whole bone marrow showed slight differences in their immunosuppression potential towards the T-cell activa-These conditions are likely to more closely resemble the use of MSCs in clinical applications. tion. Although some tissues are not feasible for clinical use, others such as adipose tissue may have great poten-Our experiments showed that MSCs from all tissues (bone, omentum, fat, muscle) were all CD45 negative tial for future clinical applications.
In this study the mitogen-induced T-cell activation and demonstrated significant suppression of T-cell activation. While omentum and muscle tissue showed sub-was significantly inhibited by the addition of MSCs from multiple tissues. While muscle-derived MSCs sup-stantial inhibition of T-cell activation, it is not probable that these sources of MSCs will be used in clinical appli-pressed the activation of T cells by about 90%, fat, bone, and omentum inhibited the proliferation by 70-85%.
cations because of the limited amount of tissue available and the complexity of acquisition of the cells. In con-When the T-cell activation was induced by allogeneic T 
